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Abstract

The role of the interannual meridional wind anomalies in a simple
coupled tropical Pacific ocean-atmosphere model is investigated. It is found
that these anomalies play a key role in maintaining finite amplitude
interannual variability in the coupled simulations. When the meridiona wind
stress anomalies are not allowed to feed back to the ocean, the simulated
ENSO oscillations are damped out within a few years. This happens
irrespective of initial conditions.

During a warm (cold) event, the simulated meridional wind stress
anomalies drive covergent (divergent) surface currents in the equatorial east
Pacific, inducing downwelling (upwelling) anomalies that act to strongly
reinforce the SST and wind anomalies. Thisisin contrast to the model zonal
wind stress anomalies, which due to the tendency to reverse sign in the
eastern Pacific, induce upwelling (downwelling) anomalies in the east, and
SST patterns with weaker net positive feedback.

Observed wind stress anomalies are also analyzed, and found similar
in certain respects to those of the coupled model in the near-equatorial
region. The dominant observed wind stress pattern shows a reversal of the
zonal component between the central and far eastern Pacific. The east
Pacific meridional stress anomalies imply avertical current of opposite sign,
and similar magnitude to that induced by the zonal stress, These features,
consistent with the model results, suggest the importance of meridional wind

stress anomalies in the real climate system.

1. Introduction
More than twenty years ago, Bjerknes (1969) postulated that the El
Nifio Southern Oscillation (ENSO) could be explained as a self-sustained
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cycle based on the coupling between the sea surface temperature (SST) and
the trade winds. Later, the theory of linear equatorial ocean dynamics (e.g.
Moore and Philander, 1977; Cane and Sarachik, 1976) provided clues for the
understanding of ENSO, and contributed to the current paradigm for ENSO
variability, commonly referred to as the delayed oscillator (Schopf and
Suarez, 1988), involving equatorial long waves generated by zonal winds,
their propagation and reflection at the boundaries, and to a lesser extent,
their role in advecting the heat across the basin (Battisti, 1988),

Most of the ssimple coupled models used to simulate ENSO (e.g.
Zebiak and Cane, 1987; Battisti, 1988; Kleeman et al, 1995) are based on the
assumptions of a shallow-water ocean model. Forced by winds, such models
respond in terms of Kelvin and Rossby waves (Cane and Sarachick, 1979;
Busalacchi and O'Brien, 1981). Several authors have found evidence of
eguatorial waves in reality, using sea level from in situ data (e.g. Knox and
Halpern, 1982; Kessler and McPhaden (1 995) or from satellite data (e.g.
Miller et a, 1988; Delcroix et al, 1994; Boulanger and Menkes, 1995).

Although equatorial long waves account for a large part of the ocean
dynamic variance (in models or data), they may not be sufficient to explain
the observed ENSO variability. Jin and Neelin (1993) have introduced the
concept of SST modes and ocean dynamics modes which give to the
coupled system a variety of oscillatory regimes involving different physical
mechanisms. In all previous studies, little attention has been paid to the role
of the meridional wind in ENSO. Indeed the delayed oscillator theory does
not give any role to the meridional wind. Meridional wind stress anomalies
do not generate Kelvin waves. Most of the conceptual or modeling
approaches used for ENSO (e.g. Lau 1981; McCreary and Anderson, 1984,
Graham and White, 1988; Battisti, 1988; Schopf and Suarez, 1988: Cane et
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a, 1990; Neelin, 1990) assume that the meridional wind stress component
is zero. Although some authors have sought solutions to the complete system
(Hirst, 1985; Yamagata, 1985, Cane and Zebiak, 1985; Battisti and Hirst,
1989), the oscillatory behaviour of their models was explained in terms of
zonal wind stress anomalies only. Although not particularly focusing on the
role of the meridional wind, Philander and Hurlin (1988) and Barnett et al
(1 991) do consider the meridional structure of the ENSO physics. These
authors found an important role of the meridional advection in the heat
budget of the eastern basin, Recently, Xie (1994) examined the role of the
climatological meridional wind in maintaining the equatorial asymmetric
ITCZ. In the present paper, we examine the question of the role of
meridional wind anomalies in ENSO in the context of the simple coupled
ocean-atmosphere model of Zebiak and Cane (1987; hereafter, ZC). In the
following, we will use the abbreviations MWSA and ZWSA for meridional
wind stress anomalies and zonal wind stress anomalies, respectively.

This paper is organized as follows. In section 2, we present results
showing the importance of MWSA to the simulated interannual variability.
Section 3 addresses the question of which components of the model physics
are significantly affected by the MWSA.. In section 4, we analyze the eastern
equatorial Pacific heat budget in detail. The impact of the observed MWSA
in an ocean-only forced calculation is presented in section 5. In section 6, we
make some direct comparisons between simulated and observed wind fields,
and analyze their impacts on upwelling and SST evolution, A summary, and
some discussion of the results are provided in section 7.

2. Impact of MWSA on the simulated ENSO variability




We present first the results of an experiment without any anomalous

meridional forcing; that is, the MWSA is artificially set to zero at each time
step within the ocean model update (experiment CPD.TYO0). It is compared
to the results simulated in the standard case (experiment CPD.STD), where
both wind stress components are taken into account, The index used to
examine the oscillations of the model in this paper is the Nino3 SST index,
I.e. the SST anomalies averaged over the region (5°S-5°N, 150°W-90°W).
The index is plotted over a fifteen year period in Figure la for bet}

experiments. Whereas the index simulated in experiment CPD.STD
oscillates with a 3 to 5 year-period as expected, the one simulated in
experiment CPD.TYO remains close to zero over the whole period. This
suggests that the MWSA are crucia for the ZC model to simulate ENSO-
like oscillations.

Various initial conditions (weak or strong anomalous states at
different seasons) were tested to examine the robustness of this result. The
experiments presented in Figure 1 a were initialized with the conditions of
January 1980 provided by the model run in a forced mode with FSU winds,
as described by Cane et al. (1986). The January 1980 conditions correspond
neither to an El Nifio nor a La Niiia situation; al the fields are characterized
by weak anomalies. We tested various cases which contrast with this
situation. The index ssimulated by the model initialized during a very strong
El Nifio situation (January 1983) is presented in Figure Ib for both
experiments. For a period of a year or so, the index simulated by CPD.TYO
is similar to the one ssmulated by CPD.STD. Theresfter, it shows very weak
oscillations, Experiments using initial conditions from April, July, and
October verified that the conclusion does not depend on season (not shown).
Other experiments were initialized from an initial external wind perturbation
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in the western Pacific, asin Zebiak and Cane (1987). The Nifio3 index from
an extreme case among these experiments - one in which oscillations are
maintained for two ENSO cycles - is presented in Figure 1 c. In the long term
even this run decays to the zero anomaly state. In fact, it is clear from this
experiment that the neglect of MWSA switches the stability of the model’s
zero anomaly state from unstable to stable,

In an additional experiment, we put the meridional wind anomaly,
instead of the MWSA, to zero. This is not the same experiment as CPD.TYO,
as the wind stress anomaly is computed from the anomalous and the
prescribed climatological wind components using a standard quadratic bulk
formula. This experiment gives a similar result: finite amplitude variability
can be sustained only for afew years.

The unambiguous conclusion is that the anomalous meridional wind
(or wind stress) is necessary to sustain the interannual variability of the
coupled model.

3. Characteristics of MW SA impact

The ZC ocean model has two components, representing the baroclinic
dynamics (shallow water equations; see Eg. A4 to A6 in ZC) and the surface
layer, where the Ekman shear currents are computed (Eq. A8 to Al 1in ZC).
The wind stress anomaly is an input for these two model components. In
experiment CPD.TYO, the meridional wind stress anomaly was put to zero in
both.

In order to determine how the MWSA play a significant role in the ZC
model, it was first put to zero in the baroclinic model only and not in the
surface layer model (experiment CPD.TYb). This gives results in very close

agreement with run CPD.STD (Figure 2a), The complementary experiment
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was also done: the baroclinic model was forced with the full wind, and the
MWSA was put to zero only in the surface layer equations. In this case, the
Nifio3 index remains close to zero, similar to run CPD.TYO (Figure 2a).
Therefore, the interannual MWSA play a major role in the ENSO-like
oscillations ssimulated by the ZC model through the generation of Ekman
currents, The impact on the baroclinic ocean dynamics is not crucial. The
latter point is in agreement with al the theoretical studies of ENS() based on
the baroclinic dynamics only. Since these theories do not consider the
surface layer dynamics explicitly, no role whatsoever has been assigned to
the meridional wind stress - in contrast with the present results.

Additional experiments were run in order to identify in which regions
of the tropical Pacific the MWSA play a key role. The variance of the
simulated MWSA is maximum off the equator, at 15°N-140°W and at 12°S
120°W. Nevertheless, as proposed by Battisti (1 988), the off-equatorial
winds may not play a role in the coupled oscillations. We ran the model
with the MWSA forcing the surface layer filtered at each time step as in
Battisti (1988): the MWSA are multiplied by a function which is equal to 1
between 5°S and 5°N, zero beyond 9° of latitude and linearly decreasing
between 5° and 9° of latitude (experiment CPD.TYEk.filtoff). The
experiment gives results very closc to the standard run (Figure 2b). In
another experiment (CPD.TYEKk.filteq), the MWSA were filtered in exactly
the opposite manner. This run does not sustain interannual oscillations
(Figure 2b). Thus, it isin the equatorial band (5°S-5°N) that the MWSA play
a crucial role. Although the anomalies are not especially strong there, their
impact is enhanced by the strong atmosphere-ocean coupling of this region.
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4. Analysis of the MWSA role in the model heat budget

In the equatorial band, the variance of the smulated MWSA is found
maximum in the eastern Pacific, over the Niifio3 region. In this section, we
examine how the MWSA can indeed affect the SST variations in the eastern
equatorial Pacific, The various terms involved in the simulated SST
variations are:
the local rate of SST changes in time:

dT /ot (1)

the zonal advection:

-U(T+T), )

~U.TX (3)
the meridional advection:

VL (T+T), (4)

-V.T, (5)
the vertical advection:

~{M(W, + ws)- M(Wo)). T, (6)

~M(ws + w,). (T - ‘) Hi (7)
and the damping:

~as.T (8

T is the sea surface temperature anomaly, U and V are the zonal and
meridional surface current anomalies, U and V are the prescribed zonal and
meridional climatological surface currents, ws and w; are the anomalous
and mean vertical currents at the base of the mixed layer . M(x) is the
function equal to x if x is positive, and equal to zero if X is negative, Te iS
the temperature of entrained water, H; is the depth of the mixed layer, T, is

the prescribed mean vertical temperature gradient. The reader can refer to
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the Appendix in ZC where al the functions and parameters are described,
The surface current anomalies U and V are computed from the baroclinic
current anomalies and the Ekman shear induced by the wind anomalies. The
vertical current anomalies wg are estimated from the divergence of surface
current anomalies, assuming the surface layer has fixed depth,

Each of these terms simulated by CPD.STD was averaged over the
Niiio3 region and plotted as a function of time (Figure 3). As noted by
several authors (e.g. Philander and Seigel, 1985; Battisti, 1988; Barnett et a,
199 1), severa terms contribute to the SST tendency, The terms which
involve the MWSA are (2), (4), (6) and (7), Among them, term (4) has the
weakest amplitude and term (6) the strongest, but most importantly, term (6)
Is the one which has the strongest anticorrelation with the damping term (8).
Term (6) leads term (8) by about two months, Term (6), which represents the
anomalous upwelling of prescribed mean temperature gradient, has a
positive feedback on growing anomalies.

The terms in the SST eguation are nonlinearly dependent on the
MWSA in the full coupled run, and individual effects are not strictly
additive. Thus, various experiments were run to test the role of the MWSA
on individua terms. From these, wc determined that it is indeed the
sensitivity of term (6) which accounts for the behavior without the MWSA
previously described.

Thus, the MWSA induce convergent (divergent) surface currents near
the equator during a warm (cool) event, forcing a downwelling (upwelling)
that enhances the warming (cooling) tendency. This positive feedback
contributes substantially to the maintenance of finite amplitude oscillations
in the coupled system,
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Term(6) is analyzed below in more details for run CPD.STD. The
near-equatorial vertical current anomaly (the total one due to the divergence
of the baroclinic currents and that of the Ekman currents) is presented in
Figure 4a for the height of a typical warm event, The anomaly corresponds
to a strong downwelling over most of the central and eastern equatorial
Pacific, and upwelling near the eastern boundary, Most of the total anomaly
Is due to the component derived from the Ekman shear induced by the
ZWSA as shown on the equatorial section (compare the dashed and the thin
solid lines in Figure 4b). This latter component is almost proportional to the
ZWSA (compare the thin and thick solid lines in Figure 4b). The
downwelling is maximum at 130°W, and decreases sharply toward the east.
Indeed the vertical current anomaly is an upwelling east of 95°W and winds
are easterlies there. Along the equatorial section, the vertical anomalous
current due to the MWSA (thin solid line in Figure 4c) is a downwelling in
the centra and eastern Pacific, It is weak in the central Pacific, but its
amplitude is maximum in the eastern Pacific. This component is almost
entirely explained by the meridional derivative of the MWSA (thick solid
line in Figure 4c). Because the prescribed mean vertical gradient of
temperature is stronger in the eastern Pacific than in the central Pacific, the
SST changes induced by the vertical current anomalies are the largest in the
eastern Pacific (Figure 4d). The prescribed gradient has a strong local
minimum at 164°W, which explains that the SST warming induced by the
ZWSA presents a sharp increase east of this point up to 125°W. In the far
eastern equatorial Pacific, the MWSA have a warming impact and the
ZWSA have a cooling one, The opposite picture is found for cold events.

Thus, the upwelling (downwelling) anomaly related to the ZWSA
alone tends to reverse the large-scale warming (cooling) tendency in the far
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eastern basin, and the resulting SST gradients can enhance the easterly
(westerly) winds in this region during a developing warm (cold) event, The
result in a coupled run is that the integrated wind forcing is much reduced,
and events can terminate abruptly (from the east). The coupled effect is
actually large enough to eliminate the large-scale coupled instability. On the
other hand, when the MWSA are included, the vertical current anomaly is
enhanced in the eastern Pacific in the direction of that of the central Pacific
anomaly. In the presence of a sharply eastward-increasing mean vertical
temperature gradient, this creates SST anomalies that are more zonally
uniform, or even increasing eastward, leading to a much reduced eastern
wind reversal, a larger integrated wind forcing, and a stronger coupled
instability.

In summary, the results have highlighted two processes in the eastern
equatorial Pacific. Taking the case of a warm event, the model ssimulates a
ZWSA which induces an upwelling anomaly - a negative feedback tendency.
At the same time, the model simulates MWSA which induce a downwelling
anomaly - a positive feedback tendency. Both developments are highly
confined to the eastern Pacific. Their importance in this coupled model is
amply demonstrated, but is there any evidence of counterparts in reality? It is

to this issue that we turn next,

5. Role of the MW SA in the ocean model for ced by observed winds

The ZC ocean model component was run in an “uncoupled” mode,
forced by prescribed wind stress anomalies. The ZC ocean model, starting
from rest, was forced by the FSU wind stress anomalies from January 1964
to April 1995 (experiment CR. STD). Starting from the conditions in January
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1980, we ran an experiment (CR.1T'Y0) which consists of forcing the ocean
model with only the zonal wind stress anomalies (the MWSA being
artificially set to zero), The Nifno3 indices ssimulated by the two experiments
are very similar, with maximum differences (occurring in July 1983) less
than 0.5°C (Figure 5a).

The magnitude of the signal due to the MWSA in a forced context is
thus small, relative to the one due to the ZWSA. This does not mean that the
meridional wind has a negligible contribution in a coupled context or in
reality, however. What matters at least as much as the amplitude is the
gpatial pattern of the SST anomaly associated with the meridional wind
stress. We computed the SST differences between the two simulations over
1980-1995. These fields often show a strong north-south gradient near the
equator. As an example, the SST anomalies simulated by the two
experiments and their difference for January 1983 are shown in Figure 5b-
5d. It is seen that in the central Pacific, the MWSA are responsible for a
warming tendency south of the equator and a cooling tendency north of the
eguator. East of 120°W, the MWSA induce a warming tendency near the
equator and a cooling tendency further poleward.

Thus the MWSA are responsible for SST changes which have a spatial
pattern somewhat different from the ones induced by the ZWSA. If they
were similar, then it would be possible to recover the full model behavior
with only the ZWSA forcing, but slightly atered coupling parameters. This
is not the situation. In any case, it is clear that the SST anomalies induced by
the MWSA will in general force both meridional AND zonal wind
anomalies, and these feedbacks in principle can lead to much larger signals.
Accordingly, one cannot at this stage rule out the possibility of a significant
contribution of the MWSA to the observed climate variability.
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6. Comparison between observed and ssmulated wind stress anomalies

Wind stress anomalies from observations (FSU analyses) and from the
CPD.STD run were compared by decomposing each into EOF's over the
model domain, A period of 23 years was used for each decomposition; for
the observational data, the period corresponds to the years 1970-1992. The
first EOF explains 78% of the variance. for the simulated fields, 14% for the
observed fields. The amplitude maps of the first EOF are presented in Figure
6 (with amplitudes normalized to have the same variance on average over
the region 5°S - 5°N).

The observed and simulated ZWSA in the equatorial band agree to
some extent. As expected, they have a maximum in the central Pacific, The
primary discrepancies are that the smulated maximum is located to the east
of the observed one, and the zonal gradient along the equator is much
stronger for the simulations than for observations east of 120°W.
Nevertheless, as for the ssmulated winds, the observed zonal wind patterns

exhibit a reversa in the eastern equatorial Pacific during ENSO extremes.

The observed and simulated MWSA patterns agree in being of similar

overal amplitude (relative to the amplitude of the zonal anomaly). Both
show coherent anomalies in the northern tropics, but with the simulated wind
maximum located considerably northeast of the observed one. In the south,
the observed winds are coherent in the central and western basin only. The
simulated wind pattern is more coherent, with strongest signal displaced
considerably to the east of that from observations.

The upwelling anomalies induced by each component via the Ekman
shear were also computed for the observed and model stress EOF. The

current anomaly induced by the observed winds present some similarities
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with the simulated one, although the strong downwelling in the central
Pacific is located to the west of the simulated one (compare Figure 7a with
Figure 4a), This is primarily due to the offset to the east of the ssimulated
ZWSA. Besides this major discrepancy, the signs of the current anomalies
induced by either wind component and their relative amplitudes are in good
gualitative agreement in the equatorial Pacific east of 120°W. There, for both
observed and model fields, it is found that the current anomaly is weaker
than the one induced by the ZWSA in the central Pacific, the ZWSA induce
an upwelling (Figure 7b) and the MWSA induce a downwelling (Figure 7c).
The agreement is even clearer when considering the SST changes induced by
the wind anomalies (Figure 7d). For observations and model, the ZWSA has
a cooling impact and the MWSA has a warming impact in the eastern
equatorial Pacific.

The observations hint of the same near-equatorial positive and
negative feedbacks associated with MWSA and ZWSA as shown by the
model. Conclusions must be tentative, however, because of the notable
differences between observed and modeled fields, and because of the much
more limited variance contained in the. observed versus the simulated EOF
fields.

7. Summary and Discussion

In this paper, we have examined the role of the meridional wind
component in ENSO, a question which has previously been neglected. The
results are based on simulations with the ZC model. The MWSA are found
to play akey role in sustaining the ENSO-related variability of this coupled
model. This key role is played via the vertical current anomaly induced by
the Ekman divergence in the equatorial eastern Pacific. In agreement with
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Barnett et a (1991) and Jin and Neelin (1 993), these results highlight the
importance of the Ekman forcing in the heat budget of the tropical Pacific.

During a growing warm (cold) event, the meridioial wind drives
convergent (divergent) surface currents which induce an equatorial
downwelling (upwelling) anomaly in the far eastern Pacific, Without this
positive feedback, the coupled model cannot sustain interannual variability,
because the reversal of the zonal wind stress simulated by the model at the
eastern boundary prevents the SST anomalies from growing, and reduces
the large-scale atmosphere-ocean coupling. The key patterns of the wind
responsible for such coupled feedbacks are the ZWSA being easterlies
(westerlies) and the MWSA being convergent (divergent) in the equatorial
Pacific east 0f 120" W.

The first EOF of the observed winds also contain these patterns,
Comparison between simulated and observed winds suggests that the
model’s wind reversal may be unreadlistically strong. This deficiency of the
Z.C model has been examined in several papers (Zebiak, 1986; Zebiak, 1990;
Perigaud and Dewitte, 1996). As a consequence, it is probable that the role
of the MWSA simulated by the ZC model is overestimated in comparison
with the real world, Nevertheless, results of our comparisons suggest that the
positive feedback mechanism associated with the meridional wind to some
degree may be at work in reality, and may affect the mean stability of the
system,

An important lesson of this study is that the anomaly structures
associated with particular processes can be as important to the coupled
variability as the anomaly amplitude. Some structures are configured much
more favorably for strong coupled feedback than others. In this case, the

SST anomaly patterns associated with MWSA forcing, though much weaker
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in absolute terms than those associated with ZWSA, are very favorable for
positive coupled feedback, and therefore play an important role in the
coupled variability. In this and most likely in other models, seemingly small
but systematic errors that arise in uncoupled component models can result, if
configured unfavorably, in very large errors in coupled mode, In general,
attention to structure as well as amplitude of errorsis necessary.

dditional modeling and observational studies are needed to confirm
the pi ¢sent findings. One source of difficulty is the lack of observations.
Considerable progress in observing the baroclinic currents has been made
thanks to satellite altimetry, but the Ekman shear is not measurable from
atimetry. In the future, one may benefit from interferometric radar imagery
(Ainsworth et a, 1995) or drifter data (Frankignoul et al, 1996) to measure
the surface velocities of the ocean. Using such observations, it will be
particular y helpful to determine directly the contribution of the meridional
Ekman currents to sea surface temperature variability in the equatorial

eastern and central Pacific.
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Figure Caption

Figure 1. Simulated Nifio3 index as a function of time from coupled
experiments With various initial conditions, Plain thick lines represent run
CPD.TYO0 and dashed lines represent run CPD.STD for the initial condiuons
of January 1980 (@), January 1983 (b), or for an initial kick with a pseudo-
random wind patch (c).

Figure 2. Simulated Niiio3 index as a function of time in coupled test
experiments. (a) Experiments CPD.TYEk (heavy solid line) where TY has
been put to zero in the shear calculation only and CPD.TYb (dashed line)
where TY has been put to zero in the baroclinic dynamics calculation only.
The thin solid line is the standard run CPD.STD. (b) Experiments
CPD.TYEkfilteq (heavy solid line) where TY has been filtered out
specifically in the equatorial band and CPD.TY Ekfiltoff (dashed line) where
TY has been filtered out specificaly outside the equatorial band, The thin
solid lineis for the run CPD.STD.

Figure 3. Change of temperature (in “C per month) due to each of the eight
terms involved in the SST equation (averaged over Nifio3 region) as a
function of time. The numbering of the curves corresponds to the numbering
of the terms of the SST equation as described in the text.

Figure 4: Warm event anomalous vertical current and induced temperature
change simulated in the standard run, (a) Total vertical current anomaly field
(due to baroclinic and Ekman currents induced by the zonal and meridional)
winds, with shaded regions corresponding to downwelling. Equatorial
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sections (2°S-20N) of the vertical current anomaly due to the Ekman currents
driven by the zonal only (b) or meridional only (c) wind stress anomalies
(thin solid lines). The dashed lines represent the total anomalous vertical
current, the thick solid lines represent the term proportional to the ZWSA in
Fig.4b and the one proportional to the meridional gradient of the MWSA in
Fig 4c. Equatorial section of temperature changes (d) induced by the ZWSA
(dashed line) and by the MWSA (solid line), Units of current anomaly and

temperature change are 10-3 cms- ! and °Cmonth- 1.

Figure 5: Experiments where the ocean model is forced by FSU wind stress
anomalies over 1980-1995, with both wind components (CR.STD) or with
the zonal component only (CR. TYO0). (a) Nifio3 index as a function of time.
Plots are for run CR.TYO (plain), CR.STD (dashed). SST maps simulated on
January 1983 by CR.STD (b), CR.TYO0 (c) and their difference (d). Shaded
regions correspond to cold anomalies.

Figure 6: Amplitude maps of the first EOF for the observed ZWSA (a) and
MWSA (b) or for the smulated ZWSA (c) and MWSA (d). Values are
normalized (see text) and one unit corresponds to ?? Pam-1. Shaded regions
correspond to negative anomalies (easterlies and northerlies).

Figure 7: Vertical current anomaly simulated in the standard run. (a)
anomaly field (due to the Ekman currents induced by the zonal and
meridional) observed winds, with shaded regions corresponding to
downwelling. Equatorial sections (2°S-2°N) of the vertical current anomaly
due to the Ekman current driven by the zonal only (b) or meridional only (c)
wind stress anomaly for observation (solid lines) or model (dashed lines).
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(d) Temperature change induced by the ZWSA (dashed line) and by the
MWSA (solid line), with the thick lines for observations and the thin lines
for model. Units of currents and temperature changes are 10-3 cm s-! and

°Cmonth-1,
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